Introduced 15 years ago, transcranial magnetic stimulation (TMS) is a non-invasive means of stimulating the cortex that has proved to be a unique tool for probing brain-behaviour relationships. While a therapeutic role for TMS in neuropsychiatry is uncertain, the utility of TMS in studying brain function has been demonstrated in diverse neuroscience applications. We review studies in animals on the mechanisms of action of TMS, and present a summary of the applications of TMS in basic neuroscience. TMS is still a relatively young technique, and unanswered questions remain regarding its acute and chronic impact on neural excitability and various aspects of brain function. Nonetheless, recent work with TMS has demonstrated its unique role in complementing other tools for studying brain function. As a brain intervention tool, TMS holds the promise of moving beyond correlative studies to help define the functional role of cortical regions in selected cognitive and affective processes.
Introduction
Transcranial magnetic stimulation (TMS) is a non-invasive means of cortical stimulation that can be applied to normal volunteers without the need for anaesthesia. This tool for altering patterns of brain activation has attracted growing interest among neuroscience researchers and clinicians. In the first section of this paper, we describe the technique and its strengths and limitations. In the second section, we review what is known about the mechanisms through which TMS alters brain activity. In the third section, we summarize some of the applications of this technique in addressing questions in basic neuroscience.
Description of the technique and definitions
Time-varying magnetic fields induce eddy currents in biological tissue. A magnetic stimulator stores electrical current, and then discharges the current in brief pulses through a stimulating coil. The resultant magnetic field induces electrical current in nervous tissue, and at sufficient strength, produces neuronal depolarization. This technique, termed ' transcranial magnetic stimulation ' or ' TMS ' has been used to stimulate the peripheral (Bickford and Fremming, 1965 ; Polson et al., 1982) and central nervous system (Barker et al., 1987) . When given at regular frequencies, it is termed ' repetitive transcranial magnetic stimulation ' or ' rTMS '. Frequencies above 1 Hz are referred to as ' fast ' rTMS.
The focality of stimulation with TMS depends on coil design and orientation relative to neuronal fibres (Amassian et al., 1992 ; Cohen et al., 1990 ; Meyer et al., 1991a ; Mills et al., 1992 ; Ro$ sler, 1989) . The most focal coils have a resolution of about 0.5 cm in selectively stimulating the cortical representation of neighbouring muscle groups in the motor cortex (Brasil-Neto et al., 1992) . The induced field is proportional to the inverse of the distance of brain tissue from the coil, and the maximal depth of stimulation is estimated to be 2 cm below the scalp, reflecting stimulation of the underlying cortex near the grey-white junction (Epstein, 1990 ). This does not mean that rTMS has no remote or trans-synaptic effects. Indeed, remote effects can be informative about the connectivity of neural circuits. For example, an increase in TSH was reported following rTMS applied to the dorsolateral prefrontal cortex (DLPFC), implicating prefrontal-subcortical pathways (George et al., 1996) . The first simultaneous "&O-H # O PET study of rTMS effects showed that rTMS delivered to the frontal eye field (FEF) produced a pattern of dosedependent distal effects in superior parietal and medial parieto-occipital regions, consistent with the known connectivity of the visual system regulating eye movements (Paus et al., 1997) . Likewise, Fox et al. (1997) found rTMS to the primary motor cortex (M1) modulated regional cerebral blood flow (rCBF) in connected structures (premotor, supplementary motor, contralateral M1). Distal effects on immediate early gene expression have also been described (Fujiki and Steward, 1997 ; Ji et al., 1998) .
Strengths of the technique
The ability of TMS to stimulate brain areas non-invasively represents a significant advance beyond techniques that require the invasive method of direct cortical stimulation or the more painful and less focal method of transcranial electrical stimulation. Magnetic fields pass through scalp and skull without impedance, representing a major advantage over the direct application of electricity due to enhanced comfort to the subject and improved control of localization and dosage. Inhomogeneities of the skull and CSF effects are less critical (Rothwell, 1991) .
TMS can alter cortical functioning during the performance of a task to probe the role of the stimulated region. For example, it had been shown with functional brain imaging that the primary visual cortex is activated during braille reading in blind subjects (Sadato et al., 1996) . However, Cohen et al. (1997) demonstrated the functional significance of this cross-modal activation by showing that rTMS to the visual cortex disrupts braille reading . Interestingly, this crossmodal plasticity does not occur when blindness is of lateonset (Cohen et al., 1999) . TMS also has the strength of precise time resolution, in the order of milliseconds. For example, single TMS pulses can be delivered during the critical time window to interrupt the processing of visual information in the primary visual cortex . This fine temporal resolution is complementary with EEG for the exploration of functional networks. For example, high-resolution EEG has been used to follow the spread of activation initiated by TMS from local to distant, anatomically connected cortical regions over a period of 30 ms (Ilmoniemi et al., 1997) . TMS to primary motor cortex led first to activation of ipsilateral premotor cortex, followed by contralateral motor and then parietal regions.
rTMS as a probe of functional connectivity
TMS may help to validate functional cortical networks proposed with other modalities, such as PET, fMRI and high-resolution EEG. Single-pulse TMS (repetition rates 1 Hz) has generally resulted in small focal changes in SPECT and PET (Dressler et al., 1990 ; Hamano et al., 1993 ; Sander et al., 1996) , perhaps reflecting the limits in the spatial and temporal resolution of these imaging modalities. However, recent studies coupling higher repetition rates of rTMS with PET detected larger changes in neural activity both locally and distant from the site of stimulation. These activation patterns have been generally consistent with the known efferent connections of the stimulation site. For instance, 20 Hz prefrontal rTMS decreased perfusion at the site of stimulation and produced a dose-dependent pattern of remote effects, with decreases in bilateral anterior cingulate and anterior temporal cortex, and increases in brainstem and orbitofrontal areas, as imaged by HMPAO injected during stimulation Stallings et al., 1997) . Paus et al. (1997) found 10 Hz rTMS of the FEF modulated rCBF in a dose-dependent fashion focally and at visual regions remote from the site of stimulation conforming to the known pattern of connectivity.
These studies demonstrate the power of the combined rTMS\imaging paradigm. However, the nature of rTMSinduced effects seems highly dependent upon the frequency of stimulation and perhaps the imaging modality. For example, high-frequency (10 Hz) rTMS to the FEF increased rCBF (Paus et al., 1997) , while the same frequency delivered to M1 produced dose-dependent decreases in blood flow in the ipsilateral M1, contralateral premotor area, medial supplementary motor area and parietal lobe (Paus et al., 1998) . rTMS delivered at low frequency (1 Hz) to M1 increased rCBF in the ipsilateral M1 and connected structures (Fox et al., 1997) , while another group found that the same frequency of M1 stimulation produced opposite effects on glucose metabolism, with decreases on FDG PET in ipsilateral and contralateral M1 . Moderate frequencies (2-5 Hz) rTMS to M1 have been reported to increase metabolism in motor areas (Siebner et al., 1998 (Siebner et al., , 2000 .
Discrepant findings in the small amount of literature on functional imaging of rTMS effects may relate to differences in assessment time-point, frequency of stimulation, imaging method, and lack of a sham control and magnetic shielding in some studies. Remaining questions include whether covarying regions represent afferent or efferent, orthodromic or antidromic, mono-or polysynaptic, and excitatory or inhibitory effects. The temporal summation inherent in SPECT and PET tracer acquisition averages brain activity between rTMS pulses, complicating interpretation. The time resolution of fMRI may help to resolve this problem and the feasibility of simultaneous rTMS\fMRI was recently demonstrated .
TMS as a neuropharmacological probe
TMS is often used as a neurophysiological probe, assessing the balance of excitatory and inhibitory neurotransmitter activity in a target region of cortex. This application of TMS is best illustrated in the motor cortex (Boylan and Sackeim 2000 ; Ziemann et al., 1998c) , but similar effects may also be seen in the occipital cortex (Afra et al., 1998) .
Motor threshold (MT), the minimum intensity of TMS over the primary motor cortex required to elicit a motorevoked potential (MEP) in a target muscle, is indicative of ion channel conductivity and pyramidal neuron membrane excitability (Ziemann et al., 1996b (Ziemann et al., , 1998c . Conforming to predictions, MT is reduced in conditions with enhanced excitability like epilepsy (Reutens and Berkovic, 1992 ; Reutens et al., 1993) . As the magnetic field strength drops off with distance, it would be expected that MT will vary with distance from the coil to the motor cortex (Kozel et al., In Press) . The MEP response to a magnetic pulse preceded by a subthreshold conditioning pulse is reduced when the interstimulus interval (ISI) is 1-4 ms and enhanced when the ISI is 5-30 ms (Kujirai et al., 1993) , reflecting intracortical inhibition and facilitation, respectively (see Figure 1) . Intracortical inhibition at short ISIs appears to reflect activation of inhibitory GABAergic and dopaminergic interneurons (Kujirai et al., 1993 ; Ziemann et al., 1996a) , while facilitation at longer ISIs reflects activation of excitatory N-methyl--aspartate-mediated interneurons (Ziemann et al., 1998c) . Paired-pulse inhibition is enhanced by GABAergic agents (Ziemann et al., 1996a) . Consistent with the hypothesis of deficient inhibitory mechanisms in Tourette's disorder, paired-pulse inhibition is reduced in this condition (Ziemann et al., 1997a) . The distinct neurochemical profiles of various TMS measures of cortical excitability provide a novel non-invasive method to probe local alterations in the functional activity within specific excitatory and inhibitory neurotransmitter systems.
Technical constraints in the delivery of TMS

Focality and precision of coil placement
While TMS is frequently thought of as a fairly focal technique, it is important to recognize that there are practical limits to the precision with which it can be administered. The TMS coils are typically large and bulky in relation to the head. Figure This results in poor inductive coupling and variability in placement with repeated applications. The large size of the coils also makes accurate coil positioning relative to a target brain area difficult without the use of costly frameless stereotaxic systems for real-time feedback regarding coil position relative to the cortical surface (Paus et al., 1998 ; Potts et al., 1998) . While TMS of the motor area corresponds well with PET localization of the primary motor cortex (Wassermann et al., 1996b) , TMS stimulation of the frontal cortex does not result in a readily measurable peripheral response, e.g. muscle twitch or physiological alteration to guide coil placement. The commonly used procedure in treatment studies has been to stimulate 5 cm anterior to the TMS-defined motor strip, presuming that this location corresponds to the DLPFC. Undoubtedly, this method results in considerable variability across subjects in the actual site of stimulation (Kozel et al., In Press) .
Sham
Another limitation is the lack of a valid sham manipulation. A valid sham is clearly important to blinded clinical trials, but is equally important to controlled studies of the effects of rTMS on perception and cognitive functions. The most common sham conditions tilt the coil off the head so that the magnetic field stimulates scalp muscles and produces an acoustic artifact, but presumably does not induce current in cortex. In vivo validation of sham is critical and recent work has called into question the validity of commonly used sham manipulations (Lisanby et al., 1998b ; Loo et al., 2000) . Indeed, Loo et al. (2000) reported that a 45m sham was about half as potent as standard TMS in stimulating the motor cortex.
Dosing
The intensity of the magnetic field is commonly set relative to the threshold for eliciting a response from the motor cortex (motor threshold, MT). Intensity relative to MT is thought to be related to seizure risk with rTMS, and MT determination is a routine safety measure (Wassermann, 1998) . However, the strength of association between MT and thresholds for neuronal depolar-ization in other cortical regions is unknown. New methods for determining dosage in other brain areas and equalizing dosage across individuals would represent an important advance.
Mechanisms of action of TMS : animal studies
Limitations of animal models
The basic literature on the mechanisms of TMS is relatively small in comparison to the growing number of clinical studies on its putative therapeutic properties. The administration of TMS involves multidimensional variables, including stimulation parameters (pulse waveform, frequency, intensity, train duration, inter-train interval, number of trains, number of days and schedule of stimulation), site of stimulation, and coil design and orientation. These variables have not been parametrically manipulated in a systematic fashion with respect to any outcome variable, and differences in these parameters may explain some discrepant findings. A technical limitation pertinent to animal studies is the ratio of the coil size relative to the brain. Peak-induced voltage is inversely proportional to head radius, and the efficiency of stimulation drops when the head is smaller than the coil because the target captures less of the magnetic flux (Weissman et al., 1992) . This limitation makes the relevance of rodent studies using human size coils doubtful. To address these confounds, some studies employ smaller coils (BenShachar et al., 1997 ; Fleischmann et al., 1995) , but even the smallest coils result in less focal stimulation in the rat than in the human. This limited spatial resolution of TMS in small rodent models also makes it more difficult to probe connectivity of a particular circuit since direct stimulation of neighbouring structures is difficult to avoid.
Induced electric field
It is widely assumed that the ' active ingredient ' in TMS is the induced electric field and its subsequent effect on neuronal depolarization. Several methods have been investigated to model the induced electric field. However, induced current depends on numerous factors, not all of which may be adequately modelled. Important factors are the conductivity of white matter, grey matter, and cerebrospinal fluid. Some models assign standard tissue conductivity values to concentric spheres (Roth et al., 1991) or fit these to segmented MRI scans (Cerri et al., 1995 ; De Leo et al., 1992) , but local inhomogeneities, orientation of current flow, and dynamic changes in tissue conductivity may affect the field distribution (Maccabee et al., 1991 Van Harreveld and Schade! , 1962) . Direct measurement of the TMS-induced electrical field is needed, not only to validate models, but also to provide data on irregularities due to factors influencing the coupling between the brain tissue and the magnetic pulse.
One approach has been to measure the distribution of the TMS-induced magnetic field by obtaining phase maps using an MRI-compatible stimulating coil (Bohning et al., 1997) . This approach permits the non-invasive direct measurement of magnetic field distribution co-registered to the individual's MRI. Limitations include the lack of information about tissue conductivity needed to convert magnetic to electric field distribution. A more direct approach to measure the induced electric field involves intracerebral recordings of TMS-induced voltage in nonhuman primates (Lisanby et al., 1998a) . These measurements reveal that standard TMS induces less current than ECT, as expected, and some forms of sham TMS induce substantial voltage.
Behavioural effects
Studies of rTMS in rodent models of depression suggest that rTMS may have antidepressant activity similar to electroconvulsive shock (ECS) . Specifically, two groups found that daily rTMS for 7-10 d reduces immobility time in the Porsolt swim test (Fleischmann et al., 1995 ; Zyss et al., 1997 Zyss et al., , 1999 . One or two sessions of rTMS have also been reported to increase apomorphine-induced stereotypy (Fleischmann et al., 1995) . There are now preliminary suggestions that chronic rTMS may be active in the amphetamine-induced behavioural model of mania (Belmaker et al., 2000) , this is of interest considering the recent controlled report of rTMS improving symptoms of mania .
Neurotransmitter systems
Several groups have reported rTMS-induced changes in neurotransmitter systems, frequently in-line with ECSinduced effects. For example, Ben-Shachar et al. (1997) reported that a single 25 Hz rTMS session increased frontal dopamine (DA) turnover, increased striatal and hippocampal DA, and increased hippocampal serotonin and 5-HIAA. However, these effects were not seen with chronic rTMS (Ben-Shachar et al., 1999) , presumably due to compensatory mechanisms as is sometimes seen with chronic psychopharmacological treatment and ECS (Glue et al., 1990 ; Yoshida et al., 1998) .
In addition to alterations in monoamine levels, receptor changes have also been reported. Chronic rTMS has been found by two groups to modulate β-adrenergic receptors in the cortex, but the direction of these effects has been inconsistent between studies and across brain areas. Fleischmann et al. (1996) found rTMS down-regulated cortical β-adrenergic receptors, as reported with traditional antidepressant treatments, but Ben-Shachar et al. (1999) reported up-regulation. Both studies employed chronic stimulation paradigms (daily rTMS for 9-10 d), but used different stimulation frequency (15 vs. 25 Hz) and coil size (7 vs. 9 cm). While antidepressants typically up-regulate postsynaptic 5-HT # receptors, Ben-Shachar et al. (1999) reported rTMS-induced reductions in the frontal cortex. Increases in 5-HT "A -binding in the frontal cortex, cingulate and olfactory nucleus were found 24 h after a single train of rTMS (20 Hz) (Kole et al., 1999) . This study was complicated by restraint stress during rTMS, but nonetheless implicated rTMS effects on serotonergic transmission. It should be remembered that due to the poor spatial resolution of TMS in small animals, regional differences in neurotransmitter systems resulting from whole-brain stimulation might not be directly analogous to the effects of focal stimulation in humans.
Seizure susceptibility
When given at a high enough dose, rTMS can induce seizures (Pascual-Leone et al., 1993 ; Wassermann, 1996a Wassermann, , 1998 , and accidental seizure induction is the main safety concern in the conventional therapeutic use of rTMS. However, it has been extremely difficult to induce seizures with rTMS in small animals, probably due to the nonoptimal coil-to-brain ratio discussed earlier. Recently we reported on the successful seizure induction in rhesus monkeys using paediatric-sized coils and a more powerful magnetic stimulator (Lisanby et al., In Press b) . This approach permits the quantification of rTMS seizure threshold, providing important safety data for the human use of rTMS. Magnetic seizure induction may also have potential therapeutic value as a novel convulsive therapy. Theoretical advantages of magnetic over electrical seizure induction include the possibility of focal seizure induction, the lack of scalp and skull impedance, and the possibility of protecting particular brain areas to limit side-effects.
While ECT results in robust and progressive increases in seizure threshold, the effects of rTMS on seizure threshold are inconsistent across studies and may depend upon the parameters of stimulation. Jennum and Klitgaard (1996) reported that chronic daily suprathreshold rTMS shortened the time of onset of seizure following pentylenetetrazol injection, while acute stimulation had no effect. This study employed much higher stimulation frequencies (50 Hz) for a longer period of time (30 d) than any other rodent rTMS study. All other groups have found rTMS to decrease seizure likelihood. Fleischmann et al. (1995) reported that a single rTMS had anticonvulsant action for up to 30 s after even a single rTMS train that was similar to the effects observed with ECS, though less pronounced. The anticonvulsant action was seen with 25 Hz, but not 1 or 5 Hz stimulation. These anticonvulsant effects were more marked and long lasting, up to 5 d, after chronic stimulation for 16 d (Fleischmann et al., 1999) . Most of these studies measured effects on seizure likelihood and seizure duration, while the effects of rTMS on quantified measures of seizure threshold have not been examined directly. Using a more sensitive paradigm, a recent study found that rTMS increased the afterdischarge threshold in the amygdala 2 wk following a single 20 Hz train ). It appears that the effects of rTMS on seizure susceptibility are dependent upon the stimulation parameters used, as well as the method used to index seizure likelihood.
Neurophysiological effects : LTP or LTD ?
rTMS has been reported to exert lasting frequencydependent effects on cortical neurophysiological activity, and it is postulated that these effects may underlie the therapeutic potential of rTMS. For example, M1 stimulation at 1 Hz produces robust and lasting inhibition of motor-evoked potentials (MEPs) to subsequent singlepulse stimulation of both hemispheres ). M1 stimulation above 5 Hz produces significant changes in the opposite direction (Jennum et al., 1995 ; PascualLeone et al., 1994b) . These effects last beyond the duration of the rTMS trains themselves . It is also likely that modulation of excitability affects a wider distributed network beyond the area of stimulation, a view supported by imaging studies showing remote effects of rTMS (Fox et al., 1997 ; Paus et al., 1997 Paus et al., , 1998 .
The mechanism of these persistent effects on cortical activity has been postulated to be akin to long-term potentiation (LTP) and long-term depression (LTD) . However, the relevance of these mechanisms to the action of TMS is far from proven. Attempts to induce LTP and LTD with different frequencies of rTMS have had mixed success. While the nature of these neurophysiological effects appears to be partially predictable on the basis of the stimulation parameters, the effects are quite variable across individuals and across brain areas. In one study, rTMS delivered at 8 Hz to the auditory cortex of the gerbil resulted in LTD-like suppression of firing in 11\40 cases, LTP-like enhancement of firing in 8\40 cases, and no changes in firing in 21\40 cases (Wang et al., 1996) . More recently, Levkovitz et al. (1999) demonstrated that acute and chronic rTMS enhanced the reactivity of the rat dentate gyrus to perforant pathway stimulation and interfered with the serotonergic and β-adrenergic modulation of hippocampal activity. Some of these effects lasted up to 3 wk following a 7-d course of rTMS, and the net effect of these multiple actions could be both excitatory and inhibitory (Levkovitz et al., 1999) .
Perhaps the best evidence supporting a role for LTPlike effects of TMS comes from studies on the modulation of motor cortex plasticity. It is well replicated that TMS is useful in mapping plastic changes in motor cortical representation and cortical excitability resulting from experimental sensory deprivation via ischaemic nerve block (Ziemann et al., 1998a) , amputation , sensory input (Hamdy et al., 1998) , and skill acquisition (Classen et al., 1998) . Ziemann et al. (1998a) demonstrated that TMS may be able to do more than just document plasticity, and that TMS may be useful in modulating those plastic changes. They reported that low frequency (0.1 Hz) TMS to the motor cortex ipsilateral to ischaemic nerve block inhibited plastic changes, while rTMS to the contralateral M1 enhanced plasticity (Ziemann et al., 1998a) . They went on to show that the TMS-induced up-regulation of plasticity was linked to NMDA receptor activity and decreases in GABA-related cortical inhibition (Ziemann et al., 1998b) . Recently reported effects of rTMS on NMDA-binding sites in rats are consistent with the hypothesis that LTP-like mechanisms underlie such lasting effects of TMS (Kole et al., 1999) .
Neuroprotection and neuroplasticity
Recent work has focused on the effects of antidepressant treatments on up-regulation of genes leading to neurotrophin production, changes in synaptic connections, and alterations in neuronal viability and neurogenesis (Duman et al., 1997 ; Nibuya et al., 1996 ; Vaidya et al., 1999) . Preliminary work with rTMS suggests that it too may effect intracellular transduction mechanisms regulating neuroplasticity. For example, two groups found that rTMS induces specific immediate early genes. Fujiki and Steward (1997) reported acute dose-dependent increases in glial fibrillary acidic protein (GFAP) in the mouse dentate gyrus and cerebral cortex, similar to the effects of ECS but to a lesser extent. Another group reported elevated c-fos and c-jun levels in the paraventricular nucleus of the thalamus (PVT) of rats (Ji et al., 1998) . The effect of this immediate early gene induction on the regulation of gene products relevant to neuroplasticity and neuroprotection remains to be determined. However, there is some evidence that chronic TMS exerts a neuroprotective effect on hippocampal cells in vitro (Post et al., 1999) . In addition, there is also preliminary evidence for an effect of chronic rTMS on mossy fibre sprouting in the hippocampus (Lisanby et al., In Press a) . Further work will be needed to replicate these effects and determine their functional significance. Of great interest will be whether these neuroplastic effects provide a plausible mechanism for the persistent neurophysiological effects of rTMS.
Applications in basic neuroscience
TMS has been useful in studying a wide array of basic neuroscience topics. The ability to use TMS to focus on specific cortical regions and disrupt neural processing in precise temporal windows, in conjunction with cognitive experimental techniques, has helped illuminate aspects of perception and cognitive processing (Walsh and Rushworth, 1998) . Indeed, over the last decade, TMS research has made inroads in the study of many cognitive processes including attention, memory, learning, language, and mood.
Visual information processing
TMS delivered over the occipital cortex evokes flashes of light, or phosphenes. Phosphene production is somewhat variable across subjects and difficult to quantify, although some work has been done on mapping their extent in the visual field and gauging their modulation by rTMS and paired magnetic pulses (Marg and Rudiak, 1994 ; Meyer et al., 1991b ; Ray et al., 1998) .
Using another approach to interfere with ongoing visual processing, Amassian et al. (1989) reported that single-pulse TMS to the striate cortex could mask the report of letter triads, if the pulse was timed between 60 and 120 ms after stimulus presentation. This temporal window corresponds to estimates of early striate visual processing. The exact onset and temporal extent of TMSinduced disruption depends upon elementary visual properties such as luminance and contrast (Masur et al., 1993 ; Miller et al., 1996) . Control of the temporal window for TMS interference may be further refined by taking advantage of the magnocellular and parvocellular input pathways, which carry different temporal and spatial visual information and have different arrival times in striate cortex . Kammer and Nussweck (1998) concluded that TMS interference is not an all-ornone phenomenon, but adds neural noise to the visual input being processed, raising the threshold for detection (Kammer and Nussweck, 1998) . The timing of striate processing and its relationship with higher visual cortical areas has been examined in more subtle ways using TMS, for example by blocking the visual masking effects of a second visual stimulus, or by using pairs of pulses to alter the timing of flow of information from the striate area (Amassian et al., 1990 . There is also evidence for multiple critical windows for TMS interference (Corthout et al., 1999) , paralleling findings using high-resolution evoked potentials.
There have also been attempts to systematically map the visual field using TMS (Epstein et al., 1996b ; Kammer, 1999 ; Kastner et al., 1998 ; Potts et al., 1998) . The detectability of visual stimuli placed randomly in various visual field locations was measured while TMS was applied over a grid of occipital sites. The pattern of results was consistent with known anatomy. Epstein et al. (1996b) concluded that occipital TMS primarily has an effect on the striate cortex devoted to central visual field, while TMS to extrastriate areas has more of an effect on peripheral visual stimuli. By targeting which cortical visual area is being stimulated with TMS, many interesting visual phenomena may be investigated. For example, by varying the exact pattern of the stimulus used in the peripheral field, the effect of ' filling in ' of visual field regions in which there is no information (such as when a temporary TMS ' scotoma ' is generated) by the visual properties of the immediate surround was observed (Kamitani and Shimojo, 1999) . In addition, retinotopic research may shed light on the underlying mechanism of TMS disruption. By superimposing the visual field mappings of TMS interference with subjective drawings of phosphenes, Kammer (1999) suggested that TMS interference effects and phosphenes are generated by the same process.
TMS has also been useful in investigating extrastriate areas associated with specific aspects of visual processing. A cortical region somewhat lateral to the striate area has been identified both neurologically and in PET imaging as being functionally specialized for the analysis of visual motion, and has been touted as a homologue to area V5 in macaque monkeys. TMS interference with performance in visual motion tasks has been found in a number of studies (Beckers and Homberg, 1992 ; Beckers and Zeki, 1995 ; Hotson et al., 1994 ; Hotson and Anand, 1999 ; Walsh et al., 1998b ) . There is some agreement regarding a critical temporal window for affecting motion perception (TMS between 100 and 150 ms after visual presentation). The success of extrastriate TMS in altering perception in motion tasks was followed by fruitful investigations of the neural circuits involved in colour , depth perception (Takayama and Sugishita, 1994) , and pattern analysis (Amassian et al., 1998) .
Visual attention
Visual TMS paradigms have enabled the study of the interaction of perceptual encoding with the cognitive systems involved in attention and memory. For example, visual search paradigms have played an important role in elucidating mechanisms of attention. Visual attention was first shown to be altered by rTMS to posterior parietal lobe (Pascual-Leone et al., 1994a) . In this case, rTMS caused stimuli to be missed entirely (hemi-neglect). Unfortunately, use of rTMS both sacrifices the time resolution of single-pulse TMS, and introduces safety issues. Others have used single-pulse TMS successfully in studies of attention by using delayed reaction time as the performance measure (Ashbridge et al., 1997 ; Walsh et al., 1999) .
One visual search paradigm involves the search for a target that is composed of a conjunction of features also present in a set of distractors (e.g. the target might be a red letter T among a set of red As and green Ts). Such feature conjunction search requires directed attention, as opposed to single feature search (e.g. for a red T among many green Ts), where the target tends to ' pop out ' (Treisman and Gelade, 1980 ). Using such a task, Ashbridge et al. (1997) found that single-pulse TMS applied over the right parietal cortex slowed reaction times in conjunction search. When stimulation over left parietal cortex was also included (Walsh et al., 1999) , it was found that left-side stimulation affected conjunctive search only for targets in the right visual field, while right-side stimulation delayed response for targets in either hemifield, a result in line with the pattern of spatial attention deficits seen in patients with neurological damage (Heilman et al., 1986) . Use of TMS revealed that the critical involvement of parietal cortex in conjunction search is around 100 ms post-stimulus presentation (when a target is present) and 160 ms (when a target is not, and a ' no ' response is required).
Perceptual learning often take places in visual search paradigms, such that after many trials with constant stimuli, what once required attentive, serial search can be done in an automatic, parallel fashion (Shiffrin and Schneider, 1977) . Walsh et al. (1998a) demonstrated that after thousands of trials, TMS to the parietal cortex no longer interfered with conjunctive search. A follow-up study concluded that parietal cortex is needed only in the earlier stages of this learning process (Walsh et al., 1999) . Another study by this group showed that when one of the features of the conjunctive search is motion, TMS given between 100 and 150 ms after stimulus presentation over area V5, identified as a motion analysis area, delayed response (Walsh et al., 1998b) ; moreover, TMS to parietal areas did not interfere (Walsh et al., 1999) . Of considerable interest is that TMS applied to V5 resulted in an improvement in performance when the conjunction stimuli were based on form and colour rather than motion. This suggested a competition among the various visual cortical areas that process incoming stimuli in parallel. In combination, this set of studies suggests that judicious use of TMS in combination with cognitive experimental strategies and neurophysiological information can be used to tease apart the contributions of spatially distributed cortical areas to visual and attentive processing, and that the timing of their contributions can also be uncovered.
Motor control
Processing in cortical motor areas represents the output stage of many cognitive functions. The effect of TMS on response selection in cortical motor areas has been examined. TMS to M1 and to premotor cortex interfered with performance in a simple reaction time task (Ziemann et al., 1997b ) and a choice reaction time task (Rushworth et al., 1997) . Application of single-pulse TMS at different times after an imperative cue selectively delayed response in a choice reaction time task along a hierarchy of motor areas : at 140 ms for anterior premotor, 180 ms posterior premotor, and 220 ms over sensorimotor cortex (Schluter et al., 1999) . In another step up the motor hierarchy, rTMS to the supplementary motor area during overlearned complex finger movements interfered with correct completion of the sequences . The role of M1 in complex movement sequence organization was also illustrated by the same group (Gerloff et al., 1998) . These findings illustrate the feasibility of manipulating output responses, and may provide the basis for studying decision making processes and procedural memory networks.
Language
In addition to examining well-known sensory and motor functions, attempts have been made to alter higher cortical processes, such as language and memory. rTMS applied to the frontal cortex can produce speech arrest (Epstein et al., 1996a ; Jennum et al., 1994) . The phenomenon of speech arrest may be useful in determining language laterality and has been found to correlate with the results of the WADA test (e.g. Jennum et al., 1994) . Lateral specificity and selective effects of TMS on particular aspects of language help to differentiate speech arrest from a purely motor phenomenon resulting from stimulation of the face and mouth motor areas. For example, rTMS delivered to the same brain region that produces speech arrest selectively impaired the ability of subjects to verify whether a picture of an object matched its subtitle name (Flitman et al., 1998) . Selective interference with picture naming but not word reading during rTMS in left temporal lobe patients was reported by Wassermann et al. (1999) although a drop in naming accuracy was simultaneous with improved reaction time performance. Conversely, application of rTMS over Wernicke's area immediately preceding picture naming corresponded with faster performance (Mottaghy et al., 1999 ). These studies demonstrate the feasibility of using TMS to study language and explore the underlying structure of semantic representation in the temporal lobe.
Working memory
rTMS to left DLPFC disrupted random generation of numbers and letters, tasks that heavily require a working memory component (Jahanshahi and Dirnberger, 1999 ; Jahanshahi et al., 1998) . rTMS applied to the DLPFC during the delay period of tasks that require subjects to keep a stimulus ' on-line ' before responding caused considerably more errors than in unstimulated trials, also suggesting that rTMS disrupted working memory function (Pascual-Leone and Hallett, 1995) . Another approach, borrowed from Baddeley's modular theory of working memory, focused on the working memory component known as the phonological loop (Baddeley, 1986) . Here, single-pulse TMS in epileptic patients with left temporal lobe foci caused changes in recency effects, suggesting that the functioning of the phonological loop was altered (Duzel et al., 1996) . As in the case of language, TMS studies of working memory have demonstrated feasibility, but await the more comprehensive experiments needed to explore the nature of cognitive processes. As an example, Mottaghy et al. (2000) recently demonstrated that rTMS to the left or right DLPFC impaired performance on a working memory task and that this behavioural change correlated with reduced rCBF in the targeted brain region as well as other regions of the distributed network.
Mood
Early studies from two groups suggested that rTMS may modulate mood networks in normal volunteers. Using visual analogue ratings of mood, it was reported that high-frequency rTMS to the left DLPFC transiently induced dysphoria, while right DLPFC rTMS elevated mood in normal volunteers (George et al., 1996 ; Pascual-Leone et al., 1996) . The magnitude of these mood effects was small and not clinically apparent to the subjects themselves or to the investigators, independent of statistical analysis. Subsequent attempts to replicate these mood effects have mostly been negative. Hajak et al. (1998) found no subjective mood effects of left DLPFC rTMS, but did report increased REM latency thought to be consistent with putative antidepressant effects. In the largest study on normal volunteers to date, Nedjat and Folkerts (1999) found no overall effect of rTMS on mood, but reported that 3 of the subjects experienced transient hypomanic symptoms with left DLPFC rTMS. Thus, the evidence for mood effects of rTMS in normal volunteers is mixed.
Conclusions
TMS is a powerful tool for the study of brain-behaviour relationships. It is the natural complement to functional brain imaging modalities and adds the unique contribution of an intervention that can actively modulate cortical excitability and function. Our knowledge of the effects of rTMS is growing, but large gaps remain in our understanding of the underlying mechanisms. While the acute action of TMS to induce neuronal depolarization is well understood, the mechanisms underlying the longer lasting effects of TMS remain to be elucidated. Indeed, TMS induces a wide array of neurophysiological, neurochemical, and gene induction effects that result in acute and chronic alterations in neuronal functioning. Future advances in TMS delivery and coil design are needed to increase the spatial resolution of this technique for more precise mapping of cortical networks.
